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Abstract 
The gyrotrons based on the electron cyclotron maser instability 
generally have very complicated nonlinear behavior due to the 
intrinsic distributed interaction nature. We focus on the single- 
mode nonstationary behavior, called self-modulation, by 
proposing a model to analyze its route to chaos as the beam 
current rises. This model provides the basis for an in-depth 
understanding of some interesting nonlinear processes and their 
implications. The puzzling effect of the altematingly appearing 
stationary and nonstationary zones is elucidated through the rf- 
field forming process and is found to be a common property of 
gyrotron oscillators. The evolution of nonlinear phenomena 
from bifurcation to chaos is clearly demonstrated for the 
gymmonotron, which agrees well experimental results. 
However, for the gyro-BWO nonlinear field contraction 
reduces the feedback strength and thus significantly raise the 
nonstationary threshold. Reasons for superior stability of gyro- 
BWO to that of gyromonotron will be discussed. A time- 
dependent, self-consistent code is independently used to 
examine the real-time chaotic behavior ofthe oscillation. 
Introduction 
The single-mode self-modulation and multi-mode competition 
are considered to the primary sources that causes nonstationaxy 
behavior [1-4]. The self-modulation result from the overdrive 
of a single-mode. Immediately above the threshold, the energy 
deposition is unstable and the field energy bounces back and 
forth between the ends of the interaction sbllcture [I]. This 
effect Muences the local amplitude of oscillation and hence, 
modulates the output signal. On the other hands, the multi- 
mode competition originates form two sources. One is 
transverse modes, which have been studied for years. The other 
is the competition between axial modes, which is relatively 
under investigated [2-31. The axial-mode competition can not 
be overlooked for the gyrotron backward-wave oscillation 
(gyro-BWO). Although each axial mode has distinct field 
profile and electron transit angle at the onset stage [ 5 ] ,  but 
owing to nonlinear field contraction all the field profiles look 
similar at the saturated phase, which, therefore, facilitates the 
possibility of mode-competition. However, to date these two 
nonstationary phenomena are still not clearly distinguished. 
Reasons and properties of these nonstationary behavior are still 
under investigation. This paper provides a model to elucidate 
the nonstationary behavior of a single mode. 
Previous experimental results: single-mode non- 
stationary bebavior 
We have reported the experimental results of the nonstationary 
behavior in gymtron oscillators [I]. Nonstationary behavior 
was examined with an oscilloscope and a spectrum analyzer. 
The video response of the detector and oscilloscope is - 260 
MHz at 3 dB. T%e spechum analyzer is gated with a pin switch 
to block the rise and fall portions of the signal and hence the 
transient effects. The excellent pulse-to-pulse reproducibility of 
the output signal allowed adequate resolution at a 30 Hz 
repetition rate. Figures la-f show the gated signal traces and 
corresponding spectrograms of the gyromonotron output pulse 
at different beam currents. The oscillation was stationary, 
characterized in Fig. la, at beam current up to 1.29A. At 
1,=1.30 A, side bands began to appear (Fig. Ib) which are 
symmetrically separated from the center frequency hy 
approximately 102 MHz. Harmonic side bands then emerged at 
increased beam current (Fig. IC). Interestingly, at still high 
beam currents, doubling (Fig. Id) and tripling p ig .  le) of the 
modulation period were observed before the oscillation turned 
stochastic (Fig. If) .  
Fig. 1: Signal traces and corresponding spectrograms of the 
gated gyromonotron output at different beam currents. Vb= 
100 kV and Bo= 13.47 kG. Transient effects during the raise 
and fall portions of the pulse had been gated out. 
Nonlinear model for gyrotron oscillators 
The distributed nature of the interaction forms complex 
nonlinear phenomena in gyrotrons. Here we focus on the 
single-mode nonstationary bahavior. The field profile is 
presumed to avoid the complication of the distributed feature. 
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This study advances our understanding of the nonstationary 
behavior in gyrotrons, although the model is not self-consistent. 
The field profile is now characterized by a unique value---the 
field strength Eo. The wave modulates the electron beam, so 
the electron beam losses its kinetic energy, called electronic 
efficiency. The efficiency and the field strength are related 
through the following equation. 
q = f ( A , E : )  9 (1) 
where the efficiency 
electsic field strength g for a given electron hansit angle A. 
The modulated electron beam generates wave are related 
through, 
is a function of the square of the 
where a, is a constant associated with operating TEnm mode, 
Q = ~ ~ W / P , ,  is the quality factor of the resonator, and 
pa = lb. v, is the beam power. 
Figure 2 shows the relation behueen the beam efficiency and 
the electric field strength. The solid curve represents how a 
given electsic field strength modulates the electron beam. As 
the field strength increases, it soon reaches the saturated 
efficiency of 40%. Beyond this value it is over-bunched and 
thus the efficiency degrades. As we further increase the field 
strength, it reaches the second maximum. Meanwhile, the 
straight lines show bow the electron beam builds up the field 
strength. The slope of the line is inversely proportional to the 
beam current Ib for a given quality factor and the beam voltage. 
Fig. 2: The relation of the field strength and the beam 
efficiency. The solid curye represents bow the field modulates 
the electron beam, whereas the straight lines represent how the 
electron beam generates wave. 
At a small beam current, the slope is very sharp. The electron 
beam can not generate sufficient wave power to suppon a 
steady state. Therefore, no oscillation can sustain. As the 
current increases beyond starting current In, the beam-wave 
energy reaches a balance state. Steady-state operating is 
achieved. As the current further increases up to the 
nonstationary threshold, the system energy is imbalanced. The 
output signal is non-stationary. Further increasing the beam 
current will reach another stationary zone and another 
nonstationary zone. 
A topological approach is employed to determine the possible 
states of a gyrotron oscillator. The next efficiency is related to 
the current efficiency thmugh the following equation 
vn+, = f ( 4  Q‘qn). (3) 
Where Q‘ = Qp,/a- m Ib . 
Figure 3 displays the value of p versus efficiency. The 
alternating stationary and nonstationaty behavior is clearly 
demonstrated. Besides, the route to chaos can be seen as the 
beam current rises. Using this model, the non-stationary 
threshold current is found to be 6.5 times of starting current. 
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Fig. 3: The value of p versus the efficiency. 
Present activities 
The authors are developing a more thorough model in which 
self-consistent effect is taking into consideration. The 
formation of a self-modulation will also be examined using a 
timedependent self-consistent code. Besides, an experiment to 
characterize all the nonstationary behavior, including self- 
modulation, axial-mode competition, and transverse-mode 
competition, is on-going. 
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